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Abstract 

Decay form factors of B to light pseudoscalar (P) and vector (V) mesons are analyzed with 
the momentum cutoff near end point. The cutoff is caused by possible Cherenkov gluon radiation 
when an energetic light parton from the weak vertex travels through the "brown muck" of light 
degrees of freedom. The end-point singularities and the double countings are naturally absent. 
The soft-overlap contributions where the partonic momenta configuration is highly asymmetric are 
very suppressed in this framework. A simple calculation gives a plausible results for B — > P,V 
form factors. 
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I. INTRODUCTION 



Heavy-to-light decays are very important processes in flavor physics. The successful 
running of B factories BABAR and BELLE has enabled the semileptonic B decays like B — ► 
Tr{p)iv to work out the information about the least known Cabibbo-Kobayashi-Maskawa 
(CKM) matrix element \V u b\, for which B — > n{p) form factors play the crucial roles. The 
same form factors enter the nonleptonic modes such as B — ► Tin, B — ► np, which are 
interesting because of the factorization as well as the angles of CKM unitarity triangle. 
Heavy-to-light decay is also responsible for b — > s transitions B — > K*j or B — > K*££, which 
are good probes for new physics beyond the standard model(SM). 

However, the theoretical understanding of heavy-to-light transition is quite poor and still 
controversial. The transition matrix elements are usually parametrized by the form factors. 
They are nonperturbative objects which cannot be calculated from first principles, and all the 
essential features of the decay processes are encoded on them. At large recoil limit where 
the final state meson energy is sufficiently large, these form factors are not independent. 
Conventionally, there are 3(7) decay form factors for B to P(V) decays, where P(V) stands 
for the pseudoscalar (vector) mesons. The number of independent form factors reduces to 
1(2) for B — > P(V) at large recoil limit This is due to the so called spin-symmetry 
relations. 

It is a common lore that there are two kinematically distinctive contributions to the form 
factors. One is the "soft overlap (or Feynman mechanism)" where one of the partons in 
the daughter meson carries almost all the momentum. The other is the "hard scattering" 
where none of the partons in the daughter meson is in the end-point region of momentum 
configuration by exchanging hard gluons. But there is no general agreement on which of the 
two is the dominant one. 

One of the main issue related is the end-point singularity. Contributions of hard gluon ex- 
change with the spectator quarks are described by the convolution integrals involving meson 
distribution amplitudes (DA) and some kernel. At the heavy quark and large recoil limit, 
the kernel behaves like ~ 1/x 2 where x is some momentum fraction of the partons while the 
DAs of the final state meson do as ~ x in their asymptotic forms. The resulting convolution 
integral diverges at the end point x ~ 0, and this is called the end-point singularity. 

The end-point singularity has been dealt in many different ways in different theoretical 



2 



frameworks. In perturbative QCD (pQCD) , |6| , the end-point singularity is absent 

due to the Sudakov suppression near the end-point region. The point is that when one of 
the partons carries all the momentum, the remaining part of the daughter meson cannot 
shield the color charge of the fast parton, so many gluons should be emitted [5J|. Thus 
the soft overlap contribution is very suppressed in this picture, and the hard scattering is 
the dominant contribution. But the Sudakov suppression is not generally accepted in the 
literature. In Ref. , it is argued that the Sudakov suppression is not severe at the 

heavy quark scale m B ~ 5.3 GeV (for more recent discussions, see [h3|) . 

On the other hand, in Ref. the problem of end-point singularity is evaded by absorb- 
ing the singular terms into the so called "soft form factor". Here the heavy-light B — > M 
(M is a light meson) form factors /, are compactly written as 

h{q 2 ) = Ciif{E) + 4>b ®Ti® <f>M , (1) 

where ^(E) are the soft form factors for M of energy E, and Cj are the hard vertex 
renormalization; Tj are hard kernels which are convoluted (®) with the DAs <$b and 0a/, 
and q is the momentum transfer. It was shown that the soft form factors ^ satisfy the 
spin-symmetry relations. The second term of convolution arises from the hard spectator 
interactions. Terms involving end-point singularities are already absorbed into so the 
remaining convolutions are end-point finite. They are shown to break the spin-symmetry 
relations. The soft form factors £f f are totally nonperturbative objects; they cannot be 
calculated from first principles, and they contain the end-point singularities. The meson 
DAs <Pb,m are also nonperturbative, but they can be treated systematically and are well 
understood. Other quantities and T, are perturbatively calculable. In fact, one of the 
great merit of Eq. (JTJ is the perturbative calculability of the hard kernel, Tj. This is the main 



ohilosophy of the QCD factorization 12|. From the numerical analysis, the authors of Ref. 



ll| found that the symmetry breaking convolutions contribute about 10%; they conclude 



that heavy-light form factors are largely from the soft form factor. 



The advent of the soft-collinear effective theory (SCET) 13j shed new lights on the heavy- 
to-light decays. In this framework, the B —>■ M form factors are described as 0, Q, 15] 

fi = T^(E)( BM (E) + N^ B ® Cf ®J®<t> M , (2) 

where and are the hard functions and J is the jet function, and N = fBfMm B /(4:E 2 ) 
with fs,M being the meson decay constants. Here ( BM is the SCET version of the "soft" 



form factor. Just as in the end-point singular terms are absorbed into ( Bn , and as a 
whole satisfy the spin-symmetry relations. From the fact that the same form factors enter 
the nonleptonic two-body B decays, Ref. 16) showed that the two contributions of Eq. ([2]) 
are comparable in size. This point differs from the QCD factorization (QCDF) analysis jl7]. 
where the hard scattering contribution is very small. 

Although the brief summary above shows impressive achievements in heavy-to-light tran- 
sitions, there are still some ambiguities and confusions. First of all, the quantity ( BlT in Eq. 
([2]) is not "soft" in the sense that the involved quarks are not in the asymmetric momentum 
configuration; it is defined by the collin ear quarks. In this context, the SCET description of 
Eq. ([2]) is much closer to the pQCD prediction where the contributions from the asymmetric 
momentum configuration (i.e., soft overlap) are highly suppressed. 

It is very helpful to see how the soft overlap is identified in the light-cone sum rule 
(LCSR). The LCSR has improved their predictions for the B — > M form factors la. Il9l| . At 
tree level after the Borel transformation, the weak form factor is proportional to 20j 

/f ee ~ I du^(u)T H (u) , (3) 

where Tjj is the process-dependent amplitude. Here uq = [m 2 — q 2 )/(so — q 2 ) where so 
is the continuum threshold is a lower limit of the convolution integral. It scales as Uq ~ 
1 — Aqcd/^; thus only the highly asymmetric momentum configuration is relevant. This 
is nothing but the exact meaning of the soft overlap. Hard spectator interactions as well as 
the vertex corrections appear at 0(a s ). Numerically Eq. is dominant compared to the 
0(a s ) contributions. 



Recently, a new insight into the heavy- light transition was proposed 21]. It was worked 



out that there is an upper limit on the momentum of the outgoing quark from the weak 
vertex, less than the maximum recoil energy of m^jl. When the heavy quark is changed 
into the light quark with very high energy via weak interaction, it suddenly moves through 
the "brown muck" consisting of the light degrees of freedom. The situation is very similar 
to the case when an electron goes through a dense medium, where the Cherenkov radiation 
should occur. Much more similar processes have been studied in the heavy-ion collisions 



recently. Here an energetic parton enters through a dense 
Cherenkov gluon radiation has been considered extensively 



radronic medium, and possible 
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231 ] . The energy loss due to 
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the Cherenkov radiation can be easily calculated: 



dE, 



c 



dx 



Ana. 
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/ de e 




/n(e)>l 


1 n\e)_ 



(4) 



where n(e) is the index of refraction. The nonperturbative nature is encoded in n(e). The 
amount of energy loss for heavy-ion collisions varies around 0. 1 ~ 1 GeV/fm up to the 
model. But it is generally accepted that the energy loss due to the Cherenkov radiation is 
smaller than the normal radiation by multiple scattering. 

Roughly speaking, the Cherenkov energy loss is about [22[] dE c /dx ~ 47ia s £l/2, where 
£o ~ O(Aqcd) is the gluon energy. The total energy loss might be 

§ „ 4™ j£ ~ , (5) 



E IE \ m B 

where L ~ 1/Aqcd is the flight length of the energetic parton during the formation of ir. 
More precise estimation requires the detailed structure of the index of refraction n(e). But 
this naive power counting is enough to give an important message for the soft overlap. If 
we take into account the Cherenkov energy loss, the convolution integral of Eq. ([3]) will be 
changed into 

ft ee ~ / C du <PMTh(u) . (6) 

Since 1— uq ~ (9(Aqcd/^s) ~ E c /E, the integration domain shrinks severely. Consequently 
the soft overlap is highly suppressed. 

It will be a good phenomenological trade to introduce the cutoff u c = 1 — u c = 1 — E c j E 
for the nonperturbative n(e). It was shown in 21( that for a natural scale of u c ~ m^/niB 
one gets a compatible result for B — > 7r form factors with other approaches. 

In this paper, we extend this approach to several B — > P, V decays. The extension is 
quite straightforward. In the next Section, the relevant decay form factors are defined and 
the end-point singularities are identified. In Sec. Ill, various form factors are evaluated with 
the momentum fraction cutoff's, which originate from the Cherenkov energy loss. Section IV 
contains discussions and conclusions. 
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II. END-POINT SINGULARITIES 



The form factors of B decays into P, V are defined by llj 



{P{p)\q^b 
(P(p)\qa^q u b 
(V(p,e*)\qYb 

(V(p,e*)\qa^q u b 
(V{p,e*)\qa^ 5 q v b 



B{p B 
B(p B 
B(p B 
B(p B 

B(p B 
B( P b 



ifAq' 



pZ+p" 



m% - m 2 P ^ 



+ fo(q 



^ m 2 B -m 2 P ^ 



m B + mp 

2iV(q 2 ) 
( 

TUB + TUy 



q 2 (p B +p^) - {m 2 B -m 2 P )q 



2 \n» 



^vpa * B 
e vPpPa 



(8) 
(9) 



2m v A Q {q 2 ) e —^-q^ + (m B + m v )A 1 (q 2 ) 



e "5 a 



~A 2 (q 2 



e ■ q 



Ps+p**- 



2T 1 (g 2 )e^e» , 



-iT 2 {q 2 ) (m B - m 2 v )e*» - (e* • q){p B +p 



-<W)(e* ■ q) 



m n — m 



■(Pb+P 11 ) 



B ""V 



where 
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polarization vector of V 
mass of M = B, P, V . 



(10) 
(11) 

(12) 



(13) 
(14) 
(15) 
(16) 



The end-point singularity appears when one considers the gluon exchange diagrams wit 



the spectator quarks (Fig. [I]). Their amplitude is proportional to the scattering kernel llj 



Tijim — —g 2 Cp 



Itrr. 



(P2 - kf 



r : - ~ 7m + 7m 



(17) 



(p b + k - p 2 ) 2 - ml (pi-k + p 2 ) 2 ' 

which will be convoluted with the meson DAs to give the full amplitude. At the heavy quark 
and large recoil limit, the kernel reduces to 



T., 



ij£m 



-g 2 c F ii r , 



m b (l + 4) — uEii Ed 
r — =^ 7m + 7m 



(18) 



Au 2 m b E 2 k+ lfI lfl 4uE 2 (k+) 2 

where p b = m b v, p = En, p\ = up, p 2 = up = (1 — u)p, and k + = n ■ k with n being a 
light-like vector. The end-point singularity occurs when u — > or k + — > unless the meson 
DAs fall fast enough to compensate the factors of u n or {k + ) n in the denominator. Actually, 



Pb 

b — ► 



P2 - k 



k — - d P2 —+ 
q 2 . i « q 2 « 

(a) (b) 
FIG. 1: Gluon exchanges with the spectator quarks. 

the asymptotic form of DAs of the light mesons are <ft ays (u) ~ uu. As for B DAs, the specific 
forms depend on models, but they can also suffer from the end-point singularity with l/(k + ) 2 
factors. In this work, we just concentrate on the problem of u — > for simplicity, because it 
is conceptually more important. 

From this observation, it is commonly argued that heavy-light transition is dominated 
by the "soft" physics where u — ► 0. And the troublesome divergent terms are absorbed into 



the nonperturbative "soft" form factor [llj]. Dominance of the soft-overlap contribution is 
then supported by the phenomenological fitting within this parametrization. Note that near 
the end point where u — > 0, p\ — > p and p 2 — > 0; the parton momenta of the outgoing light 
meson are highly asymmetric. However, one cannot conclude that the soft physics dominates 
from unphysical divergences. Even worse is that we cannot extrapolate the nonperturbative 
physics from the perturbative analysis. When u is very close to 0, the offshellness of the 
exchanged gluon momentum (p 2 — k) 2 ~ —2uEk + is vanishing, so we are entering the 
nonperturbative regime. In this case the neglected terms of order ~ C(Aqcd) become 
significant, and thus Eq. (|T8l) is not reliable any longer. 



At this stage, it will be very interesting to see how the "soft" form factor is treated in 



SCET. In SC 
quarks only 



T the soft form factor is defined by a series of operators containing collinear 



3- 



In other words, energetic final-state meson is described solely by the 



collinear quarks; soft+collinear combination is not allowed. This is also justified by the 



large rapidity gap in 15]. That's the reason why the defining operators have the interaction 
Lagrangians £g q or messenger modes which convert the soft spectator quark (q) into collinear 
one (£) through the exchange of collinear gluons or into the soft-collinear quark. In this sense, 



7 



there is no soft-overlap contributions in SCET a priori. 



This makes a sharp contrast with the works of 



24J where the soft-overlap contribution 



plays an important role. Also in many literatures the end-point singular terms are absorbed 



into the soft form factor as in Eq. ([T]) 
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251 ] . Thus the "soft" form factor ^f 1 contains 



both soft overlap and hard spectator interactions. This parametrization is not bad in a 
viewpoint of the spin symmetry because all the terms in the soft form factor satisfy the 
spin-symmetry relations. But it may cause some confusions; for example, it is not adequate 
to directly compare ^f 1 with ( BM since the soft overlap is included in the former while not 
in the latter from the construction. As pointed out in 25j, it might be unfruitful to extract 
the hard scattering effects from £ 4 M to leave it purely nonperturbative. However, it is at least 
conceptually important to separate the soft overlap from the hard scattering when which of 
the two is dominant matters. 

One more profound matter in SCET regarding the end-point singularity is double count- 
ing. The phase space region where u — > corresponds to the zero-bin of the collinear 
momentum, which must be subtracted to avoid double counting [la ]. The zero-bin subtrac- 
tion is equivalent to introducing the IR cutoff regulator. 

As argued in Sec. I, there is a new possibility for the energy cutoff due to the Cherenkov 
gluon radiation in the full theory. The origin of this cutoff is of course quite different from 
that of zero-bin subtraction; the latter is necessary for an effective theory where the various 
momentum scales are involved. It is related to the self-consistency of the effective theory. 
But there is a situation where only collinear modes are considered, as in producing energetic 
light mesons from heavy-light decays. In this case the zero-bin subtraction corresponds to 
establishing a cutoff below which one should not enter. The Cherenkov energy loss explains 
why this must be the case; the energetic parton cannot reach far near end point. 

The suppression of soft overlap can be easily seen in Eqs. ([3]), (Q. In numerical calcula- 
tions, however, the value of uq is not so close to 1. Typically, uo ~ 0.65 ~ 0.70 for B — > ir. 
Its deviation from unity is much larger than the usual AqcdA^b ~ 0.04 for Aqcd ~ 200 
MeV. It is very difficult and ambiguous to determine what portion of momentum should be 
transferred to insure the soft overlap configuration, or to make soft quark collinear. But it is 
quite true that Eq. ([3]) contains more than "soft overlap" with uq ~ 0.65 ~ 0.70 in numerics. 



S 



Furthermore, the approximation in 24 j 

fX ee ~ / du 0» « -5^(1)^ ^ 0.35 , (19) 

tends to increase the numerical value compared to the original integral (~ 0.27). This is 
because uq = 1 — uq ~ 0.34 is not sufficiently small. In short, the soft overlap contribution is 
overestimated in LCSR. The pure soft overlap contribution comes from the much narrower 
range of momentum fraction, which would be shrunken again by the Cherenkov radiation. 



III. FORM FACTORS WITH MOMENTUM FRACTION CUTOFFS 



In what follows, we assume that the soft overlap is negligible because of the cutoff by the 
Cherenkov energy loss. This approach is on the same line as pQCD or SCET where the soft 
overlap is ignored. The B —>■ P,V form factors are then given by the hard gluon exchange 
processes. There is now one nonperturbative parameter u c which regulates the divergent 
convolution as a cutoff. Explicitly [111 ]. 
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(20) 
(21) 
(22) 



m B J \ 4tt J \ 2E 

P, where N c = 3, fa — m|/(mi and 4> P)Cr (u) are the higher twist DAs. Here, 
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For B — > V, we have 
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As in the B — ► P case, we define 

AFj_ : 

AFll : 
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The twist-3 DAs g± (u) and h\f ,a \(u) can be written in terms of the twist- 2 DAs by 



u 



Wandzura-Wilczek type relations [111, [26| 

i r r 

2 



ZifV) = (2u- 1) 



v 



dv + 
- <if + w 



— 

f 

1 0||(f) 



+ ■■• , 



(if 



+ ■ ■ 



(if 



h\°\u) 



dv + u 



1 



(if 



G?f 



+ 



+ 



(35) 
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u c 


^ 0.02 

771 B 


0.0213 LCSR [18] 
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0.258 


/r(°) 
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TABLE I: B — ► P form factors for various u c . a s is taken at \i = y^bAqcd ~ 1.47 GeV. 



Note that the integration domain is changed into du — > J^ c du to avoid the soft overlap 
region. The integral over k + will cause another divergence at k + = 0. We simply introduce 
an IR cutoff A = mg — for B meson sector. To get the numerical estimate, we use the 
asymptotic form of 0, (fi Pt(T ,\\,±, and 

1 
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(36) 



271 ] . The results are summarized in Tables [U [TT] for some 



where u is a model parameter 
u c s. 

In these Tables, u c = m^/mB is given as a natural representative scale in heavy-light 
decays. Note that the larger u c , the smaller form factors. Results from LCSR is also listed 
for comparison. The value of u c = 0.0213 (0.0135) is chosen to coincide the value of /+(0) 
(^(0)) with that from LCSR. Comparing the columns of u c = 0.0213 (0.0135) and LCSR, 
/jS for B — > P are generally in good agreement except f^(0). As for B — > V, we can find 



the following tendency; A' 



cutoff 



^LCSR ^cutoff ^ ^LCSR ^cutoff < ^LCSR ycutoff > j^LCSR 



jicutoff ^ yLCSR 



IV. DISCUSSIONS AND CONCLUSIONS 



Present analysis is done with the asymptotic forms of light meson DAs. Typically, 
nonasymptotic effects contribute by a few tens of percent, so inclusion of them will be 
required to refine the results. One of the main source of uncertainty is the B meson DA, 
4>±(u). Usually the problematic divergent terms involving 0^ are also absorbed into the soft 
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TABLE II: 


B — > V form factors for 


various 



form factors. The remaining part contains the inverse moment of 0^; 
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(37) 



With Eq. (JMD, one simply has \ B = oo . We fix u = 2A/3 = 0.32 GeV [27]. The divergent 
moment is parametrized as 

1 



duo > / ctu; 



(38) 



where A acts as an IR regulator. In this parametrization with Eq. fl3"6T) . the singular inverse- 



square moment over 0+ is 



or 
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It might be that the bad thing is not the singularity itself; the singular behavior would be 
even worse in the sense that the form factors are very sensitive to the cutoff or regulator. At 
least, we need to reduce the hadronic uncertainty on, say, Xb- But current analysis shows 
that for a reasonable set of cutoffs the form factors are compatible with the literature. The 
point is that there must be a fundamental cutoff in heavy-light decay due to the Cherenkov 
energy loss. 

The necessary condition for the Cherenkov radiation is Re[n(e)] > 1, where n(e) is the 
index of refraction. Analogous to the photon case, n(e) — 1 is proportional to the forward 
scattering amplitudes F(e). At low energies, Re[F(e)] > if e > €r for the Breit-Wigner 
resonance F(e) ~ (e — tR + iT/2)~ 1 where is the resonant energy and T is the decay width 



23j |. Since the light mesons are possible intermediate resonances of the brown muck, the 



necessary condition can be easily satisfied also in B —>■ P, V transitions. 

In exclusive decays, the Cherenkov gluons will eventually couple and transfer the energy 
to the light degrees of freedom to make the final state meson. On the other hand, in 
inclusive decays, they can appear as conelike jet events. If the jets form a specific angle 
which cannot be explained by conventional arguments, then they will be a strong candidate 
for the Cherenkov gluons. 

At a glance, the suppression of soft overlap by Cherenkov energy loss looks like Sudakov 
effects. But the Cherenkov radiation is purely medium effects. The Sudakov factor plays a 
role of weight for meson DAs which falls very rapidly (though controversial) near the end- 
point region. However, this is basically the extrapolation into the nonperturbative regime 
from the perturbative calculations. The spirit of this work is that we should not imagine 
the nonperturbative physics in the line of perturbative approaches. The index of refraction 
n(e) is a robust nonperturbative object which forbids the energetic parton from the weak 
vertex to go far into the end-point region. 

In conclusion, we propose a fundamental cutoff for the heavy-to-light transitions due to 
possible Cherenkov gluon radiation. It naturally avoids the end-point singularity and double 
counting problems. In this picture the soft overlap contribution is highly suppressed; heavy- 
to-light decay is dominated by the hard scattering processes. Though the numerical values 
of the weak form factor are very sensitive to the choice of the cutoff, for a natural scale of 
u c one gets a compatible result with other approaches. The existence of Cherenkov gluons 
can be directly checked from the conelike jets in inclusive decays. 
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